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Abstract 
The present paper reviews suitable MWs curing method and processes for rapid thermal curing application of concrete which 
could be implement in a reasonable way to improve the rate of strength development. It further provides a deeper understanding 
of concrete technology and proposes suitable points for future study. The first part describes the necessity of curing on the 
strength development of concrete at early age and then discusses its factors affecting. Also describes about high strength concrete 
and reactions occurring in the concrete.  The second part reports the implementing method for achieving this purpose covering 
dielectric properties involved and related heating mechanisms. 
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1. NTRODUCTION 
A higher rate of strength development in concrete can greatly facilitate several important processes in the 
construction industry. For example, in the development of precast concrete products, it is desirable to attain 
sufficient strength within a short period of time so the moulds can be re-used and the final products can be handled 
and delivered to the site as soon as possible. In the repair of localized damaged regions in concrete pavements such 
as spalls, holes or severely cracked regions. Rapid strength development in the new concrete can minimize 
disruption to the traffic flow. Heating can accelerate the curing of concrete. Conventional heating techniques, such as 
steam curing, rely on the conduction of heat from the exterior to the interior of a sample. The heating is therefore 
non-uniform and a long heating period is required to attain the required temperature. Microwave heating, which is 
based on internal energy dissipation associated with the excitation of molecular dipoles in electromagnetic fields, 
allows faster and more uniform heating. A short process time is therefore sufficient to provide high early strength. 
Wu et al. reported that 15 to 30 minutes of microwave application can improve the 3 day compressive strength of 
concrete by around 39-47% and the flexural strength by 12-15%. Moreover, unlike steam cured specimens, the 28 
day strength is also increased. This increase in later age strength is attributed to the removal of water from the fresh 
concrete when microwave is applied, causing collapse of the capillary pores and densification of the concrete.  
1.1 High Strength Concrete 
High-Strength concrete is a concrete meeting special combinations of performance and uniformity requirements 
that cannot always be achieved routinely using conventional constituents and normal mixing, placing, and curing 
practice. High-strength concrete has a compressive strength greater than 40 MPa (5800 psi). From the general 
principles behind the design of high-strength concrete mixtures, it is apparent that high strengths are made possible 
by reducing porosity, inhomogeneity, and micro cracks in the hydrated cement paste and the transition zone. High-
strength concrete is made by lowering the water-cement (W/C) ratio to 0.35 or lower. The utilization of fine 
pozzolanic materials in high-strength concrete leads to a reduction of the size of the crystalline compounds, 
particularly, calcium hydroxide. Consequently, there is a reduction of the thickness of the interfacial transition zone 
in high-strength concrete [1] [2]. The densification of the interfacial transition zone allows for efficient load transfer 
between the cement mortar and the coarse aggregate, contributing to the strength of the concrete. For very high-
strength concrete where the matrix is extremely dense, a weak aggregate may become the weak link in concrete 
strength. Aggregate must be selected carefully for high-strength mixes, as weaker aggregates may not be strong 
enough to resist the loads imposed on the concrete and cause failure to start in the aggregate rather than in the matrix 
or at a void, as normally occurs in regular concrete. The higher the targeted compressive strength, the smaller the 
maximum size of coarse aggregate.  
In order to obtain higher strength mixtures while maintaining good workability, it is necessary to study carefully 
the cement composition and fineness and its compatibility with the chemical admixtures. Often silica fume is added 
to prevent the formation of free calcium hydroxide crystals in the cement matrix, which might reduce the strength at 
the cement-aggregate bond. Low W/C ratios and the use of silica fume make concrete mixes significantly less 
workable, which is likely to be a problem in high-strength concrete. To compensate for the reduced workability, 
super plasticizers are commonly added to high-strength mixtures. The amount of super plasticizers is used on the 
considerations of compatibility and Cost-benefit. 
1.2 Curing Process 
Curing is the maintenance of a satisfactory moisture content and temperature in concrete for a period of time 
immediately following placing and finishing so that the desired properties may develop. The need for adequate 
curing of concrete cannot be overemphasized. Curing has a strong influence on the properties of hardened concrete; 
proper curing will increase durability, strength, water tightness, abrasion resistance, volume stability, and resistance 
to freezing and thawing and deicers. When Portland cement is mixed with water, a chemical reaction called 
hydration takes place. The cement is a mixture of calcareous-, silica- and alumina-based minerals. After 
manufacturing, which consists of grinding raw materials, mixing them in certain proportions and burning them at 
temperatures of up to 1450 oC, granular clinker is formed that comprises tri-calcium silicate (3CaO.SiO2),             
di-calcium silicate (2CaO.SiO2), tri-calcium aluminates (3CaO.Al2O3), and tetra-calcium alumino ferrite 
(4CaO.Al2O3.Fe2O3). It is then ground to a fine powder and added a few percent of calcium sulfate to make in the 
commercial Portland cement product and ready to react with water. When cement grains come in contact with 
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sufficient mixing water molecules suddenly a variety of reactions occur, in which hydration products are formed, i.e. 
calcium silicates hydrate gel (CaOx-SiO2y-H2Oz) as shown in the reactions in Eq. (1-5). It means that the strength 
develops continuously through a typical kinetic reaction as shown in Fig. 1. Immediately after the cement-water 
mixing; the (3CaO.Al2O3) phase reacts with the water to form an aluminate-rich compound. An associated process, 
the hydration of calcium sulfate hemihydrate to dehydrate, may also contribute to this exothermic peak (Stage 1). 
Consequently, gel reacts with sulfate in solution to form ettringite (3CaO.Al2O3). The hydration is an exothermic 
reaction but it does not last long, typically only a few minutes; this is called the dormant period (Stage 2). At the end 
of this period, the 3CaO.SiO2 and 2CaO.SiO2 in the cement begin to hydrate with the formation of calcium silicate 
hydrate (CaOx-SiOy-H2Oz) and calcium hydroxide (Ca(OH)2). This corresponds to the main period of hydration 
(Stage 3), which over time leads to the increase in concrete strengths. The cement grains react from the surface 
inwards, and un-reacted grain particles become smaller. The period of maximum heat evolution occurs between 6 
and 24 hrs. After mixing and then it decreases gradually within about a month (Stages 4 and 5) [3][4][5]. 
3CaOSiO2+H2OĺCaOxSiO2yH2Oz+Ca(OH)2+¨Heat        (1) 
2CaOSiO2+H2O ĺ CaOxSiO2yH2Oz+Ca(OH)2+¨Heat      (2) 
2(3CaOAl2O3)+18H2Oĺ 2CaOAl2O38H2O+4CaOAl2O310H2O+¨Heat    (3) 
2(3CaOAl2O3)+32H2O+3(Ca2+(aq)+SO42-(aq))ĺ 6CaOAlaO33SO332H2O+¨Heat   (4) 
6CaOAlaO33SO332H2O+23CaOAl2O3ĺ 3(4CaOAlaO3SO312H2O)+ ¨Heat              (5) 
 
 
Fig. 1. A typical kinetics of heat evolution from hydration reactions of cement [4] 
 
The extent to which this reaction is completed influences the strength and durability of the concrete. Freshly 
mixed concrete normally contains more water than is required for hydration of the cement; however, excessive loss 
of water by evaporation can delay or prevent adequate hydration. The improvement is rapid at early ages but 
continues more slowly thereafter for an indefinite period. There are a lot of methods for curing. They are pounding 
and immersion, Fogging and sprinkling, wet coverings, impervious paper, plastic sheets, steam curing, microwave 
and infrared curing. The most effective method for curing concrete depends on the materials used, method of 
construction, and the intended use of the hardened concrete [6]. 
The strength estimated on the 28-day is used as an important strength characteristics to evaluate. However, it 
requires waiting period of 28 days which is not convenient in many cases and for that the curing acceleration is 
needed. Using steam is the common method for accelerating the curing process, yet it has disadvantages. Steam is 
slower than curing by microwave. Steam also heats non-uniformly from the exterior to the interior of the concrete 
matrix, compromising long-term strength. Microwaves penetrate deep into the concrete and heat uniformly using 
feedback control. Using temperature feedback also helps to optimize the heating process. Like the microwave oven 
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on the kitchen counter, industrial concrete microwaves use magnetrons and the familiar 2.45 GHz frequency, but 
concrete curing requires an additional frequency around 900 MHz to achieve a fuller range of penetration. The 3 and 
7 day compressive strength of microwave cured concrete is about the same as that of concrete cured at room 
temperature, and its 28-day strength is slightly higher. What makes microwave cured concrete beneficial is its very 
early strength [7][8]. 
When the concrete materials are introduced to electromagnetic wave, the dielectric loss coupling is the 
mechanism of heating. Water has relative dielectric constant  and relative loss tangent higher than the other 
components of the concrete. As a result when the electric field component of microwave energy interacts with 
concrete constituents, and is converted into heat via dipole interactions. This mechanism causes the dipoles to 
vibrate and then the energy is dissipated as heat, yielding temperature rise to trigger the hydration reactions. 
Consequently, part of free water molecule in concrete is quickly removed from internal concrete structure. This does 
not mean heat is transferred through microwaves. Imagine rubbing your hands together 5 billion times in a second. 
At 2.45 GHz, microwaves flip a water molecule about 5 billion times each second as the molecule tries to align with 
alternating electric fields. The heat comes not from the microwaves but from friction among flipping water 
molecules. It’s the heat from this internal friction among water molecules that may keep cement paste hydrated and 
temperatures high in the concrete matrix, provide concrete with high early strength, and keep concrete production on 
a fast track [9][10][11][12].  
2. EXPERIMENTAL 
In this study, High strength concrete was used. Mix design is made as per the ACI method. Thirty cubes were 
casted as control cubes. To estimate 3-day, 7-day and 28-day strengths, three cubes each were tested in the 
compression testing machine. The cubes meant for microwave curing, needs to get a minimum strength before 
microwave curing. Thus for a period of less than 24 hours, these cubes were left in the mould at a moist 
environment at room temperature (28°C) and pressure. This period is called delay period. Then, the cubes were 
cured in the microwave oven. The estimated properties of the cement are reported in Table 1 as per IS: 4031-1988  
Table 1. Physical properties of the cement used 
Property Value 
Normal Consistency (%) 34 
Specific Gravity  3.14 
Initial and final setting time (min) 27 and 310 
 
The physical properties specific gravity, fineness modulus, porosity, void ratio of river sand which was used as 
fine aggregate and the course aggregate were determined in accordance with IS: 2386-1963and shown in Table 2. 
Potable water was used in the investigations for both of concrete mixing and curing. 
 
Table 2. Properties of fine and course aggregates 
Property Course Aggregate Fine Aggregate 
Specific Gravity 2.64 2.91 
Fineness modulus 2.2 7.4 
Concrete mixture was designed as per ACI method for high strength concrete. The mixed concrete used was 
shown in Table 3 
 
Table 3. The composition of high strength concrete mixture 
Material Quantity for one 
10x10x10 mould (Kg) 
Cement 0.712 
Sand 0.485 
Water 0.296 
Coarse Aggregate (10 mm) 0.35 
Coarse Aggregate (20 mm 0.35 
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The workability of the concrete was estimated using slump test and compaction factor tests identified as 98 mm 
and 0.88 respectively as per as per IS: 1199-1959. Concrete cubes of size 100 mm x 100 mm x 100 mm were cast 
then removed from moulds at the end of delay period. To perform microwave heating, a commercial kitchen 
microwave oven (IFB K024) with internal cavity dimensions of 390 mm (width) x 268 mm (height) x 400 mm 
(depth) was used as shown in Fig. 2.  
 
Fig. 2. Microwave oven 
Its output power could be adjusted from 20% to 100% of full output power in steps of 20%. The 100% full output 
refers to 850 W. After microwave curing, the cube was allowed to cool down for 30 minutes before subjecting it to 
the compression test. The compression strength of the specimen cubes were investigated by using a digital 
compression testing machine as shown in Fig. 2. [13]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Digital compression testing machine 
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3. RESULTS AND DICUSSION 
The strength of 3 days, 7 days and 28 days cubes which were cured at room temperature are 30.82 Mpa, 48.2 
Mpa and 58.25 Mpa respectively. The strength of microwave cured cubes is shown in Table 4. First glance on these 
data clearly states that keeping power constant with increasing curing time, both water loss and strength increases. 
Similarly keeping curing time constant with increasing power, both water loss and strength increases.  
 
Table 4. The strength and water loss of microwave cured concrete. 
 
No. Power 
(W) 
Time 
(min) 
Wi 
(W) 
Wf 
(W) 
¨W 
(W) 
Strength 
(Mpa) 
1 170 5 2.3650 2.3580 0.0070 22.45 
2 170 10 2.2690 2.2440 0.0250 22.77 
3 170 15 2.2920 2.2245 0.0675 23.05 
4 170 20 2.2990 2.1910 0.1080 23.32 
5 170 25 2.2620 2.1355 0.1265 24.12 
6 170 30 2.2915 2.1375 0.1540 25.07 
7 340 5 2.3350 2.3240 0.0110 22.65 
8 340 10 2.2785 2.2180 0.0605 22.84 
9 340 15 2.3220 2.2170 0.1050 23.24 
10 340 20 2.3350 2.2180 0.1170 23.9 
11 340 25 2.2840 2.1305 0.1535 24.32 
12 340 30 2.2390 2.0765 0.1625 25.22 
13 510 5 2.3190 2.2820 0.0370 23.05 
14 510 10 2.2930 2.1980 0.0950 23.17 
15 510 15 2.2920 2.1580 0.1340 23.35 
16 510 20 2.2780 2.1100 0.1680 24.12 
17 510 25 2.2675 2.0745 0.1930 24.55 
18 510 30 2.2485 2.0205 0.2280 25.6 
19 680 5 2.3670 2.2825 0.0845 24.67 
20 680 10 2.3625 2.2300 0.1325 24.94 
21 680 15 2.3170 2.1650 0.1520 25.05 
22 680 20 2.2770 2.0735 0.2035 25.47 
23 680 25 2.2430 2.0195 0.2235 25.75 
24 680 30 2.3150 2.0660 0.2490 26.22 
25 850 5 2.2910 2.1750 0.1160 25.52 
26 850 10 2.3130 2.1740 0.1390 26.02 
27 850 15 2.3250 2.1540 0.1710 26.9 
28 850 20 2.2990 2.0810 0.2180 27.32 
29 850 25 2.2700 2.0190 0.2510 29.77 
30 850 30 2.2595 2.0015 0.2580 30.25 
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Effect of curing time on water loss of the curing concrete at various power inputs 
 In Fig. 4, the water losses (¨W) were plotted at as function of time (min) at various power inputs. 
  
 
 
Fig. 4. Relationship between water loss (¨W) and time (min) for curing concrete. 
 
It was found that the slopes of curve at the power input of 170 Watt, 340 Watt, 510 Watt, 680 Watt and 850 Watt 
were 0.0062, 0.0066, 0.0073, 0.0074 and 0.0077 respectively. It is clear that rate of water loss increases with the 
increasing of the power input. 
 
Effect of curing time on strength of the curing concrete at various power inputs 
The concrete mixtures were cured at different power input values. The values of strength (MPa) were plotted as 
function of time (min). 
 
 
Fig. 5. Relationship between strength (MPa) and time (min) for curing concrete. 
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As shown in Fig. 5, the slopes of curve at the power input of 170 Watt, 340 Watt, 510 Watt, 680 Watt and 850 
Watt is 0.0995, 0.1026, 0.1295, 0.1463 and 0.2018 respectively. It is clear that rate of strength development 
increases with the increasing of the power input. 
 
Effect of power input on water loss of the curing concrete at various curing time 
In Fig. 6, the water losses (¨W) were plotted at as function of power inputs (MPa) at various times (min). 
 
 
 
 
Fig. 6. Relationship between water loss (¨W) and power input (W) for curing concrete. 
 
It was found that the slopes of curve at curing times of 5, 10, 15, 20, 25 and 30 minuts were 0.0002, 0.0002, 
0.0002, 0.0002, 0.0002 and 0.0002 respectively. It is clear that the rate of water loss remains constant when the 
power input was increased. 
Effect of power input on strength of the curing concrete at various times 
 
The concrete mixtures were cured at different times. The values of strength (MPa) were plotted as function of 
power input values (MPa). 
 
 
Fig.7. Relationship between strength (MPa) and power input (W) for curing concrete. 
34   Ratthasak Prommas and Thaweesak Rungsakthaweekul /  Energy Procedia  56 ( 2014 )  26 – 34 
As shown in Fig. 7, curve at curing times of 5, 10, 15, 20, 25 and 30 minutes are 0.0048, 0.0051, 0.0056, 0.0068, 
0.0075 and 0.0079 respectively. It is clear that the rate of water loss remains constant when the power input was 
increased. 
4.  CONCLUSION 
The current trends in clean energy parallel with a more sustainable development and more environmental friendly 
processes microwave energy (MW) is becoming a more popular energy source for heating and drying in various 
industrial applications [14]. However, this application has been grown only gradually due to a lack of basic 
knowledge and due to serious concerns regarding radiation safety and hazards of microwave heating to biological 
tissue. Thus, these issues together with the sociotechnical questioning of this method need to be clarified, still in the 
future, there will be applications requiring industrial scale instead of the conventional curing methods. Therefore 
further research is needed, especially regarding the time dependent dielectric properties and thermal properties. 
Further issues are the compatibility of mixed concretes and curing conditions, heat and mass transfer mechanisms, 
and numerical tools to predict heat and mass transfer during heating by microwave energy. 
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